The perfused rabbit ear artery shows a biphasic contractile response to intraluminal norepinephrine and sympathetic nerve stimulation. The peak of the first phase occurs after approximately 10 seconds of exposure to NE, and the second, after IK to 2 minutes. The magnitudes of the two responses are similar. The time course of the second phase of contraction is similar to the rate of saturation of the vessel's extracellular space as measured by tissue uptake of tritiated norepinephrine. On the other hand, the first phase of contraction occurs when norepinephrine has penetrated only partly into the media. It is proposed that the two phases of contraction are due to different mechanisms of excitation and that the first phase is associated with excitation of the surface layer of smooth muscle cells with subsequent myogenic propagation of excitation through the thickness of the vessel wall. The second may be related to the local concentration of norepinephrine in the extracellular space of the vessel.
• Both the central artery of the rabbit ear and the rabbit aorta respond to norepinephrine (NE) by vasoconstriction (1) (2) (3) (4) . In contrast to preparations of aorta which show a slow, smooth increase in tension, the perfused ear artery frequently shows a biphasic response to both exogenous and neurogenic norepinephrine (5) . This biphasic pattern consists of a rapid and often transient constriction that reaches a maximum within a few seconds and is usually followed by a short period of relaxation and later by a sustained constriction lasting for the period of contact with NE or the duration of nerve stimulation. The magnitude of the second phase is about the same as that of the first. The marked difference in the course of this response and that of the aorta prompted this investigation.
In this study, the time course of the constrictor response to NE was related to the rate of entry of NE into the vessel wall using 3 H-NE. These results and other findings suggest that separate mechanisms of excitation are responsible for the two phases of constriction. The first phase is complete when NE has entered only part of the vessel wall. Presumably it is initiated by the action of NE on the smooth muscle cells closest to the surface of entry, and follows from the rapid myogenic propagation of activity through the thickness of the vessel wall. The second, slower phase has a time course of contraction similar to the rate of saturation of the extracellular space of the vessel by NE.
Methods
Dissection.-Thirty-nine white rabbits of either sex were stunned and bled from neck vessels. Segments of central artery were taken from the proximal part of the ear (6) . The adventitial surfaces were cleared of easily removable tissue by careful dissection, using a Zeiss dissection microscope, while the arteries were immersed in Krebs's bicarbonate solution at room temperature.
Inulin Space.-The inulin space of eight arteries was determined using (carboxyl-14 C) inulin, 2.7 mc/g. The arteries were equilibrated for at least 30 minutes in Krebs's bicarbonate solution (7) which was warmed to 656 BEVAN, WATERSON 37 °C and gassed with 5% carbon dioxide in oxygen. The tissues were then placed in fresh Krebs's bicarbonate solution containing 1 yuc/ml of 14 C-inulin and incubated for 1 hour, by which time 14 C-inulin uptake had presumably reached equilibrium (8) .
After incubation each artery was partly dried by contact with filter paper dampened with Krebs's solution, using a standardized procedure. The radioactivity of tissue specimens was determined by scintillation spectrometry, and uptake expressed as milliliters of bath fluid cleared per gram of wet tissue.
Perfusion.-Arteries were double cannulated and, using a roller pump, perfused with Krebs's solution (4) and at the same time superfused (9) . Care was taken to prevent mixing of the perfusate and superfusate (Fig. 1 ). The superfusate and perfusate were Krebs's solution equilibrated with 5% carbon dioxide in oxygen at 37°C. The flow rate was 4 ml/min. Perfusion pressure was measured with a Statham pressure transducer and recorded on a Heath linear pen recorder.
Transmural electrical stimulation of sympathetic nerve terminals in the artery wall was carried out with platinum electrodes at a frequency of 10 pulses/sec, duration 0.3 msec, and supramaximal voltage, 50 v, delivered from a Grass Model S4 stimulator ( Fig. 1) .
Artery Dimensions.-Arteries were frozen in isopentane cooled in liquid nitrogen during their perfusion with Krebs's solution, before and during the second constrictor phase resulting from perfusion with NE (50 ng/ml). The arteries were sectioned transversely at 20fx, in a crysotat at -20°C and measured with a micrometer microscope attachment.
Tritiated Norepinephrine Perfusion.-Uptake of 3 H-NE by ear arteries was measured after perfusion with Krebs's solution containing 3 H-NE for various periods of time. No 3 H-NE was added to the superfusate, and care was taken to prevent radioactive contamination of the adventitial surface. Arteries were carefully tested for leaks prior to perfusion and those that leaked were discarded.
The 3 H-NE used in the study was dlnorepinephrine-7-3 H obtained from commercial sources, activity 16.7 c/mM. The concentrations of d-and I-forms in the tritiated racemic mixture were assumed to be equal, and a solution estimated to contain 50 ng/ml of Z-norepinephrine was prepared by adding Z-norepinephrine hydrochloride to the radioactive solution. The concentration of 50 ng/ml was chosen because this concentration had been found to produce consistently biphasic responses in the artery.
The tritiated solution was introduced into the arterial perfusion system from a 50-ml syringe driven by a Harvard infusion pump set to deliver a flow of 4 ml/min. The period of contact of tritiated solution with the artery was measured with a stopwatch. A small air bubble was allowed to precede the perfusion fluid, and the time of contact of NE with the artery was measured from the time at which the bubble passed the tip of the proximal cannula. Contact with the tritiated solution was rapidly terminated by blowing air through the lumen of the artery to expel the perfusion fluid ( Fig. 1 ). Arteries were partly dried on damp filter paper using a standardized procedure and then weighed. Radioactivity was determined by liquid scintillation spectrometry (10) . The results were expressed as milliliters of tritiated solution per gram wet weight of vascular tissue.
Time The time taken between the arrival of the NE at the proximal perfusion cannula to the peak of the first part of the biphasic response (phase A) was 9.78 seconds (±0.43 SE) for 18 arteries, that to the second peak (phase B) was 106 seconds (±14.6 SE) in 15 arteries. During perfusion with the tritiated solution, the first peak was attained after 8.95 seconds (±0.37 SE) in 19 arteries.
When the final concentration of NE (50 ng/ml) was achieved by gradually increasing its concentration in the perfusion fluid, only a slow, and never a rapid, response was evident.
Response to Nerve Stimulation.-Transmural electrical stimulation of the sympathetic terminals for up to 5 minutes at a frequency of 10 pulses /sec caused typical biphasic responses (Fig. 2 ) qualitatively similar to those following NE perfusion. When nerve stimulation was started at low frequency (1 to 3/sec) the response resembled that of the second phase of the response to higher stimulation frequencies (10/sec) which produced a biphasic response. Gradually increasing the frequency did not cause a rapid phase of contraction.
Responses of Strip Preparations.-A biphasic contractile response was observed following the addition of NE (50 to 200 ng/ml) to the tissue bath (Fig. 2 ). The general shape was similar to the changes in pressure seen during perfusion.
ENTRY OF TRITIATED NOREPINEPHRINE
Extracellular Space-Mean inulin content of eight arteries after incubation with 14 Cinulin was 0.61 ml/g (±0.05 SE) of wet tissue.
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FIGURE 3
Relationship between tritium uptake (mean ± SE) of rabbit ear artery and time of exposure to tritiated norepinephrine in perfusion fluid. ECS represents the mean extracellular space of the entire vessel wall. A and B represent times (range equivalent to mean ± se) between arrival of norepinephrine within the arterial lumen and peak of first and second contractile resj)onse, respectively.
Thus the mean extracellular space of the full thickness of the rabbit ear artery is 61%.
Entry of Tritiated Norepineprhine.-Ear arteries were exposed to 3 H-NE for periods of 10, 30, 60, 90, 120, and 180 seconds. The uptake of -^H-NE increased with time of exposure. The results are shown in Figure 3 .
After a 10-second exposure to Krebs's perfusate containing S H-NE, the approximate time taken to produce the first peak of the contractile response, 27.9% of the inulin space was saturated with labeled material. The content of tritiated material increased with time. After 60 seconds, uptake values were not significantly different from what would be expected from the magnitude of the extracellular space.
Dimensions of the Artery Wall-Measurements were made from cross sections of nine arterial segments frozen during perfusion. The mean thickness of media (including intima) was 103.2/u±3.4 (mean±SE) and mean wall thickness (including adventitia) was 158.1/A±3.1 (mean±SE). Perfusion with NE caused no measurable change in total wall thickness.
Diffusion Coefficient.-The apparent diffusion coefficient for movement of NE through the rabbit ear artery from the lumen toward the adventitia was calculated by a formula devised by Hill (12) and used by Creese (13) and Bevan andTorok (14) . Assuming that the lumen-to-wall ratio of this vessel is sufficiently large that the diffusion may be considered to be taking place into a flat sheet of tissue, then X . IHRESHOLO
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FIGURE 4
Diagram of wall thickness of rabbit ear artery and distribution of norepinephrine within the wall after exposure of vessel on its intimal surface for 10 seconds.
For details see text.
taking wall thickness as 158/A, and the time for half saturation of the extracellular space as 35 seconds (Fig. 3) , the apparent diffusion coefficient is 1.4 X 10-«cm 2 /sec. A graph was drawn representing the spatial distribution of 3 H-NE in the rabbit ear artery after a 10-second exposure through the intimal surface (Fig. 4) . The distribution curve for penetration of a substance by diffusion into a flat sheet of tissue is a sine curve (12) . The area under the curve is equivalent to the content of the diffusing substance. The area under the curve shown in Figure 4 is 28% of the area bounded by the parameters "saturation of the extracellular space" and "wall depth." Thus the curve represents the distribution of NE in the extracellular space of the vessel wall when the mean saturation of that space is 28%. It is assumed that this space is saturated at the inner intimal border and that the space is evenly distributed through the vessel wall.
Discussion
The results of this study confirm that NE perfused in the isolated rabbit ear artery at a concentration of 50 ng/ml produces a biphasic constrictor response. The first peak of the response (phase A) occurred within 10 seconds, and the peak of the slowly developing second part (phase B) was seen after VA to 2 minutes. Since biphasic responses were seen following nerve stimulation of perfused ear arteries as well as following exposure of ear artery strips to NE, the nature of the response is not unique to one experimental arrangement. When the artery was perfused with 3 H-NE (50 ng/ml), the mean saturation of the inulin space was 28% after a 10-second exposure.
The magnitude of the arterial constriction at the peak of each of the two phases was about the same. It was consistently noted that there was a latent period of about 1 to 2 seconds between the time of contact of NE with the intimal surface of the artery and the onset of phase A constriction. Although a small part of this delay could be accounted for by the response time of the pressure recording Circulation Research, Vol. XXVIU. June 1971 system, most of it must have been due to biological factors-probably the time taken for penetration through the intima and for a threshold concentration of NE to accumulate at alpha-receptor sites in the inner layer of smooth muscle. Thus the contraction time for the phase A response would be less than 9.78 seconds.
The graph in Figure 4 depicts the calculated distribution of NE in the artery wall after a 10-second exposure, equivalent to a 28% saturation of the inulin space. The threshold concentration of intraluminal Z-NE for phase A of the biphasic response in the rabbit ear artery varies between 10 and 25 ng/ml (Waterson, unpublished observations). Thus it might be concluded that in a vessel exposed to 50 ng/ml, cells in an environment in which the extracellular space is 20 to 50% saturated would be apt to contract. If this is true, after a 10-second exposure, penetration of NE into the artery wall in suprathreshold concentration would be between 38 and 72/x., or one-to two-thirds of the medial thickness ( Fig. 4) . However, since none of the extracellular space of the media is saturated after 10 seconds, the magnitude of the contraction expected from this penetration would be considerably less than if the media was saturated for one-or two-thirds of its depth.
Saturation of the artery wall like that during phase B, when presumably all smooth muscle cells were in contact with NE (50 ng/ml), did not produce a larger response than the first peak. Thus it can be considered that contraction of smooth muscle cells of the media during phase A was induced by a mechanism other than that responsible for phase B.
The time course of phase B contraction is similar to that of the rate of saturation of the extracellular space. Thus peak contraction occurs when all smooth muscle cells are in contact with NE in the same concentration as in the bath. Such a relationship has been previously proposed for the response of the rabbit aorta to NE (15) . The fact that this constrictor phase is maintained as long as NE is perfused, rapidly disappears when perfusion is discontinued, and is the only phase seen when NE concentration and nerve stimulation frequency are slowly raised, further indicates that the rapid, sometimes transient, constriction during phase A is mediated by a mechanism other than contact of NE with all smooth muscle cells.
The rate of diffusion of NE through the wall of the rabbit ear artery reported in this study is greater than that in the rabbit aorta (14) . This could be due to the comparative lack of elastic tissue barriers in the rabbit ear artery and also to a larger inulin space, 61% in the rabbit ear artery, compared with 42% for the media of the rabbit aorta.
It is speculated that the mechanism responsible for phase A is a spread of excitation from subintimal smooth muscle cells stimulated by NE to successively more remote muscle layers until the peak contraction occurs. Since there are no nerves in the media of this vessel (5) , such a mechanism must involve, myogenic spread between smooth muscle cells. There is evidence that in other vascular systems successive constriction of smooth muscle elements may be mediated by myogenic propagation of excitation; for example, in the rabbit portal vein (16) and in the longitudinal muscle of the rat portal vein (17, 18) . This possibility is generally accepted in nonvascular smooth muscle (19, 20) . Close contacts between smooth muscle cells of many blood vessels have been reported (21, 22). Although such contacts are seen in the rabbit aorta and pulmonary artery (23), they are rare and there is evidence that myogenic conduction is absent or at least plays only a minor role in these vessels (15) .
Results of the present study support the concept of myogenic conduction of excitation through the thickness of the vessel wall during phase A, since an effective concentration of NE has penetrated into the artery to only a limited extent at a time when a maximal response has occurred. There is a likelihood that the true time course of phase A contraction is even less than reported, since its course should be measured from the beginning of excitation of the first layer of muscle cells. Since the biphasic response occurs with both intraluminal NE and following nerve stimulation, when presumably NE first stimulates the inner and outer layers of smooth muscle cells, respectively, there is no evidence that either of these layers is unique in its response to this amine.
The absence of a rapid response during a slow change of NE concentration or nerve frequency suggests that this excitation may be related more to the rate of change of the concentration rather than to the absolute concentration. Such a conclusion would explain the transient nature of the first response. Upon exposure to NE, the rate of change of concentration of NE at the innermost and closest layer of smooth muscle cells would be maximal and sufficient to depolarize and start a propagated response. However, such a rate of change of concentration would last only a short time. In successively deeper layers, as NE diffused through the wall, the initial rate of change of concentration would become progressively smaller, although at equilibrium the final concentration would be similar at all layers. If these arguments are true, then the initial propagated response from the inner layer would be short-lived, and NE would not necessarily initiate propagated activity from successively deeper layers as it advanced through the wall thickness. Thus the secondary fall would represent the concurrent decline in tension following transient propagated activity, and the slowly increasing response associated with the local concentration of NE in the artery wall.
